Objective: To estimate the effect of distal and proximal early life-course factors on early childhood caries (ECC) in 5-year-old Ugandan children, particularly focusing on the causal effect of exclusive breast feeding (EBF) on ECC using directed acyclic graphs (DAGs) for confounder selection. Conclusions: Both plausible models indicated that being exclusively breastfed for 24 weeks had a protective causal effect against ECC. Further research, examining the unmeasured variables included in the DAGs is necessary to strengthen the present finding and allow stronger causal claims.
| INTRODUCTION
Conceptual models of early childhood caries (ECC, which is defined as presence of one or more noncavitated or cavitated decayed, missing or filled tooth surfaces in any primary tooth of children aged under 71 months) describe contextual and individual risk factors at different levels of proximity to ECC. 1, 2 According to these multilevel models, individual oral health-related behaviours and socio-demographic characteristics at the family and community levels are considered proximal and distal factors, respectively, related to ECC. Socio-demographic characteristics at the distal environmental level may affect ECC, directly or indirectly, through more proximal factors at the individual level. Moreover, risk factors may be conceptualized within a temporal framework while considering influences through time. Life-course epidemiology considers the long-term effects on health and disease of physical and social exposures during gestation, childhood, adolescence, young adulthood and later adult life. 3 Accordingly, distal and proximal early life circumstances, such as socio-demographic characteristics, nutritional status, birth weight, and breastfeeding patterns may impact on current and future oral conditions, suggesting a gradual accumulation of exposures throughout the life-course. Alternatively, circumstances during a specific critical period in early life may provide subsequent and irreversible damage to health and oral health. 4 Exclusive breastfeeding (EBF) is described as the practice of giving only breastmilk and no other liquids to a baby, with the exception of vitamins, mineral supplements or medicines. 5 The benefits of EBF for growth during infancy and protection against early childhood mortality and morbidity have been extensively documented. [6] [7] [8] By contrast, reviews investigating the influence of breastfeeding practices on ECC have been equivocal, 9, 10 although two meta-analyses concluded that breastfeeding in early life may prevent ECC. 11, 12 In addition, three cross-sectional and one cohort study revealed that breastfed children were significantly less frequently affected by dental caries than bottle-fed children. 11 A lack of internationally adopted definitions of breastfeeding and ECC as well as methodological flaws may have contributed to inconsistency in the conclusions of the existing research literature. 9, 13 The relationship between any early life-course factor and dental caries, as between EBF and ECC, is further complicated by bias from confounding, which is the mixing of effects from extraneous variables associated with both the exposure of interest and the outcome. 13 If not adjusted for appropriately in multivariable regression models, spurious associations may result that subverts the goal of epidemiological research to produce unbiased, causal estimates of exposure with outcome.
In epidemiological studies, a distinction between prediction and causal approaches should be made to facilitate valid interpretation from the body of evidence. 14 A prediction approach involves the use of statistical models to predict the outcome based on characteristics of the exposure variables and is independent of causal mechanisms.
Causal approaches, by contrast, may utilise directed acyclic graphs (DAGs), a graphical tool guided by qualitative assumptions, visualizing the hypothesized causal structure underlying the exposure and outcome under study, while at the same time considering potential confounders and mediators. [15] [16] [17] Using DAGs has been proposed as a tool for confounder selection. [18] [19] [20] A causal model based on DAGs can be designed and used as an aid to check for the sufficiency of confounder adjustment instead of relying entirely on P-values derived from statistical models or stratification. 16 Using statistics to identify and adjust "for confounding" could induce bias unless built on well guided causal approach models. 15 So far, conventional analytic approaches in the ECC literature have included adjustment for several risk factors in multiple variable statistical models without assumptions of causal relationships. [21] [22] [23] The application of DAGs using scenarios from cross-sectional epidemiological studies of periodontitis and temporomandibular disorders has been demonstrated conceptually. 17, 24 However, few dental studies have so far employed DAGs in analyses of empirical data. [25] [26] [27] [28] In previous work, we
showed that an intervention using peer-counsellors to promote EBF had no effect on ECC. 29 In the present study, we investigate how the practice of exclusive breastfeeding itself impacts on ECC in the context of a cohort study design.
Using background knowledge from conceptual risk factor models of ECC (as well as the ECC risk factor literature), 22, 23, 30, 31 DAGs were constructed to guide selection of the variables to be adjusted for in statistical analyses to obtain unbiased estimates.
This study aimed to estimate the effect of distal and proximal early life-course factors on ECC in 5-year-old Ugandan children, particularly focusing on the estimation of a causal effect of EBF on ECC using DAGs.
| METHODS
This study had a nested prospective cohort design, presenting the 5-year follow-up of caregiver-children pairs from the Ugandan site of the PROMISE-EBF trial (ClinicalTrials.gov no: NCT00397150) conducted in 2011 in Mbale district, Eastern Uganda. 32 The PRO-MISE-EBF study was a community-based cluster-randomised trial assessing the effect of individual home-based peer counselling to promote exclusive breastfeeding. During the first 6 months postdelivery, peer counselling on EBF by community workers took place with around half of the cohort presented in this study. Detailed information about the PROMISE-EBF trial has been published previously. 32, 33 A total of 863 pregnant women were recruited at Exclusive breastfeeding (EBF) was assessed at the 24-week follow-up using 24-hour and 7-day recalls. A baby who did not receive any food or liquids other than breastmilk and medicines was classified as exclusively breastfed. Breastfeeding duration was assessed at 2-and 5-year follow-ups for this study. Breastfeeding was assessed using the following questions, "Did you breastfeed?", "Are you still breastfeeding?" Responses were given as no (0) or yes (1). Breastfeeding duration was assessed at the 2nd and 5th year of follow-up visit by the question; "How long did you breastfeed?"-. Children's dental attendance was assessed at the 5-year follow-up by asking, "Before today have you taken your child to a dentist/dental therapist for a check-up?" Responses were given as no (0) or yes (1). Children's oral hygiene habits were assessed at the 5-year follow-up by the following questions; "What is used to clean your child's teeth? Responses ranged from 0-5; including tooth brush (i), chewing stick (ii), cloth (iii), finger (iv) and other (v) . "Who brushed the child's teeth", with responses; child (i), parent (ii), someone else (iii) and teeth not brushed (iv). "How often are the child's teeth brushed" with responses less than once a day (i), once a day (ii), twice a day (iii) and more than twice a day (iv). Caregivers' oral hygiene was assessed at the 5-year follow-up by three questions "What device do you use to brush your teeth"? Responses included plastic tooth brush (i), chewing stick
(ii), other (iii); the second was "How often do you brush?" with responses never (0), occasionally (1), once a day (2), more than once a day (3) . "Do you use toothpaste when brushing your teeth?"
Responses were no (0), yes (1), and do not know (9) . The child's sugar consumption was assessed at the 5-year follow-up with the following questions: "How often does child drink fruit juice /other sweetened beverages?" responses were never (0), less than weekly (1), 1-3 times/week (2), 4-6 times/week (3), daily (4), do not know (9).
"Has your child used sweetened cough syrup for a longer period"
Responses were no (0) and yes (1). Caregivers' sugar consumption was assessed using: "Do you eat sugary snacks/drinks?" with responses no (0), yes (1), do not know (9) . "How often do you eat/-drink snacks/drinks?" with responses occasionally (1), once a day (2), more than once a day (3). To reduce the number of covariates under study, formative-summative (additive) indices were constructed for family oral hygiene and family sugar consumption. (see Table S1 in 
| Clinical oral examination and anthropometry at the 5-year follow-up
A full-mouth clinical oral examination was carried out at household level by two experienced and calibrated dentists (NB and AK). Early childhood caries (ECC) was assessed on fully erupted primary teeth using the decayed, missing, and filled teeth index (dmft) in accordance with the World Health Organization (WHO) guidelines for field conditions. 35 A tooth was recorded as decayed if it was visually cavitated using a disposable mirror and dental explorer (Double ended No.23). A missing tooth was qualified as missing if extracted due to caries, as confirmed by the caregiver. In the present analysis, dmft was used as a count variable. The count variable was a sum score of decayed, missed or filled teeth. Details of the inter-rater and intrarater agreement between and within dental examiners have been reported previously. 29 Double data entry was carried out.
Anthropometry measurement for height to the nearest 0.1 cm was carried out using a "Shorr" height and length measuring board provided from the UNICEF supplies in Uganda. The weight was measured to the nearest 0.5 kg using the Seca weight model 762. Prevalence of stunting was defined as the proportion of children who fell below 2 standard deviations from the WHO child growth standard median. 36 The degree of stunting from minus 1 standard deviation was constructed as a measure better reflecting the nutrition status of the children.
| Directed acyclic graphs (DAGs)
Following Hernan and Robins, 37 the underlying causal relationships between early life-course factors and ECC were visualised using DAGs. Based on causal diagram theory, DAGs are considered sets of arrows that characterise causal associations between exposures and outcomes and also specify relationships among other variables that influence the exposure or outcome. 18 Generally, the variables In this study, two alternative DAGs, depicted in Figures 1-2, were used to illustrate assumed relationships between early lifecourse factors and ECC. Before being included in the DAGs, possible direct paths between all variables considered were evaluated for plausibility based on theory and previous empirical evidence.
The wealth asset index was assumed to have direct effects on dental attendance, 38 family sugar consumption, 38 anthropometric status, 39, 40 family oral hygiene, 38 breastfeeding duration 41 and breastfeeding exclusivity. 42 Maternal education was assumed to have direct effects on dental attendance, 42 family sugar consumption, 38 marital status, anthropometric status, 43 family oral hygiene, 38 breastfeeding duration 42 and EBF. 42, 43 Marital status was assumed to have direct effects on the wealth assets index, 23 dental attendance, 23 family oral hygiene, [44] [45] [46] breastfeeding duration 42 and EBF. 47 Breastfeeding duration was assumed to have direct effects on anthropometric status, 48 family sugar consumption, 49 enamel hypoplasia, 50 and cariogenic bacteria. 51, 52 Family oral hygiene was assumed to have direct effects on cariogenic bacteria 53 and ECC, 54 whereas family sugar consumption was assumed to have direct effects on family oral hygiene, 55 EBF, 49 anthropometric status 56, 57 and cariogenic bacteria. Anthropometric status was assumed to have direct effects on breastfeeding exclusivity 58 and enamel hypoplasia. 59 Enamel hypoplasia was assumed to affect cariogenic bacteria 60 and ECC. 61 Cariogenic bacteria were assumed to have direct effects on ECC. 62 Early childhood caries was assumed to have a direct effect on dental attendance. 63, 64 A direct effect of EBF on ECC was hypothesized; hence causal paths between EBF and ECC, mediated through cariogenic bacteria and enamel hypoplasia, were included in the DAGs.
In summary, proximal individual-and family-level covariates;
anthropometric status (individual level), breastfeeding duration (individual), sugar consumption (family level) and oral hygiene (family level) were assumed to have direct effects on ECC, whereas the effect of more distal family-level covariates; socioeconomic status, maternal education, and marital status were assumed to be mediated through the proximal variables. Dental attendance was assumed to be a collider variable in some paths (model Figure 1 ) and a mediator in other paths (model 2, Figure 2 ). Unmeasured variables in terms of enamel hypoplasia and cariogenic bacteria were included in the DAGs for the purpose of providing a clearer picture of the assumed causal mechanisms.
| Statistical analysis
The statistical package, Stata Intercooled version 13.1 (Stata Corporation, College Station, TX, USA) was used for data analysis. The DAGitty (http://www.dagitty.net/) online tool was used to check the postulated DAGs for consistency and validity of the minimum adjustment sets. Comparison of retention rates after 5 years of follow-up was undertaken for levels of selected baseline characteristics. Confidence intervals were used to evaluate whether or not any differences between levels of these covariates were likely to be of importance. A likelihood ratio test was performed for overdispersion.
Following the use of ECC as a count variable, negative binomial regression for count data with overdispersion of mean from the variance was used in regression analyses. Incidence rate ratios, IRR and 95% confidence intervals (95% CI) were calculated. To avoid overestimation of the precision of the estimates due to clustered data, analyses were adjusted for the cluster effect by including the cluster variable in the regression models. 65 To adjust for potential differences in loss to follow-up, an inverse probability weighted method was applied using probit-regression for binary outcomes to predict risk of loss to follow-up based on background factors (socioeconomic status, level of education and residence in rural/urban area). The median of the weights was 1.8.
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| RESULTS
Comparison of baseline socio-demographic characteristics between the children followed up and those lost to follow-up showed that socioeconomic status and parity assessed at the recruitment interview at baseline differed slightly between the two groups.
Most were married or cohabiting, attended antenatal clinic at least once, had a pit latrine but did not have electricity, and had more than one child ( Table 1 ). The median age (25%-75% percentile) of the participating children was 4.5 years (4.1-5.1).
The median maternal age (25%-75% percentile) was 30 years (26-36).
F I G U R E 1 Directed acyclic graphs (DAG)-1 includes the following variables:
Family sugar consumption, family oral hygiene, breastfeeding duration, exclusive breast feeding (EBF), anthropometric status. *Unmeasured variables. Numbers along arrows indicate citation for the assumed direct effect between variables F I G U R E 2 Directed acyclic graphs (DAG) 2 includes the following variables exclusive breast feeding (EBF), breastfeeding duration, family oral hygiene, marital status, education level, wealth asset index, anthropometric status and family sugar consumption. *Unmeasured variables. Numbers along arrows indicate citation for the assumed direct effect between variables Table 2 presents summary data of various covariates among participants followed up for 5 years. Two hundred and eight (50%) of 417 children studied were boys. Exclusive breastfeeding for 24 weeks was confirmed for 63% of the children while 49% of the mothers reported having breastfed for at least 2 years. Some, 36%
of the children were stunted and 20% were underweight. A total of 83% reported children's general health condition as good, and 88%
had never visited a dentist in their lifetime. The prevalence of ECC (dmft>0) and mean dmft was 39% and 1.6, respectively (for complete data on all variables included, see Table S1 ).
The likelihood ratio test comparing negative binomial regression and Poisson models indicated that the negative binomial model was more appropriate than the Poisson, with a P<.001 (data not shown).
| Adjustment sets and regression analysis
The minimum adjustment set based on DAG 1 included family sugar consumption, breastfeeding duration, anthropometric status and family oral hygiene as confounding factors to be adjusted in the multivariable model regressing ECC on EBF. According to Model 1 based on DAG 1 (Table 3) Detailed justifications for selection of variables to be included in the T A B L E 1 Socio-demographic characteristics at baseline by follow-up status at 5-year follow-up Table S2 ). 
| DISCUSSION
The causal inference approach based on DAGs utilized in this study is useful both when it comes to select an appropriate set of confounding variables as well as identifying collider variables to be left unadjusted in the final statistical model. Only a few previous studies in dental public health have applied DAGs to guide the analyses of empirical data. [25] [26] [27] [28] In this study, the regression models based on cussed by various authors, this may lead to invalid estimates. 15, 66, 67 In the alternative DAG 2, the path from dental attendance to cariogenic bacteria opened previously closed backdoor paths for flow of association, EBF marital status maternal education ?wealth index ? dental attendance ?cariogenic bacteria ?ECC. This justifies inclusion of the distal socio-demographic characteristics in the minimum adjustment set of Model 2.
Although traditional methods for confounder selection, such as stratification and multivariable regression models, could be argued from an empirical point of view, causal diagrams such as DAGs enhance the appreciation of confounding paths and provide information about colliders. 24 Notably, however, given the complex multifactorial nature of ECC, it is uncertain whether the optimal DAGs have been created. 68 Thus, it has been suggested to include comparative DAGs with different adjustment sets of variables to indicate how findings are influenced by differences in causal assumptions. The path from dental attendance to ECC through cariogenic bacteria as illustrated by DAG 2 was based on the assumption that the ECC situation is a consequence of dental attendance patterns typically seen in highincome settings, where utilization of dental care may be more preventively oriented. 69 The path from ECC to dental attendance included in DAG 1 ( Figure 1 ) illustrates a situation typically seen in low-income countries, where dental attendance may be problem oriented and occurs as a consequence of having oral problems. view. 31 Moreover, we tried to limit the possibility of self-report data being subject to recall or social desirability bias by training the research assistants and by use of pretested questionnaires developed by experts in the field. According to previous evidence, the accuracy of recalled information against historical records has provided good levels of agreement. 70 As in most longitudinal studies, attrition represents a limitation in terms of potential for differential selection in loss to follow-up (Table 1) . However, the IPW analyses did not change the findings revealed by the unweighted analyses. Thus, it is unlikely that loss to follow-up biased the present findings substantially, although IPW is indicated for data that is missing at random and not for nonrandom missing. 71 The present study was conducted under standardized field conditions according to the WHO criteria, whereas an accurate diagnosis of ECC requires more optimal dental equipment, such as artificial lightning and x-ray units. 35 This may have resulted in misclassification and under reporting of the ECC prevalence by overlooking incipient carious lesions and approximal lesions. 72, 73 A satisfactory agreement (as indicated by the test-retest reliability scores obtained) suggests that misclassification and biased estimates do not constitute an important problem. 74 Although key variables such as fluoride consumption, earlier ECC experience, and bacteria load were not directly measured, fluoride consumption was reflected by the summative indices derived from variables measuring family oral hygiene. 75 The present findings suggesting a protective effect of EBF on ECC in preschool children support those of a recent systematic review and meta-analysis. 11 A previous cross-sectional study of
Ugandan infants based on dietary recalls since birth-and 24-hours, showed a positive association between late cessation of any breastfeeding and late first-time exposure to sugared snacks and drinks. 49 Moreover, children breastfed for longer than 12 months had less dental caries than those exposed to shorter time of breastfeeding. 11 If late first time exposure to sugared snacks and drinks is a consequence of late breastfeeding cessation, this could explain a protective effect of EBF on ECC. 76 Evidence from developing countries such as Uganda has suggested that urbanization and unhealthy dietary advertisements through radio and television influence caregivers to feed their children with sweets, add sugar to food and to spend more money on sweets. 77 The mediating role of developmental enamel defects that was assumed in this study is supported by previous evidence suggesting a negative association between EBF and enamel defects and a positive association between enamel defects and ECC. 50 As depicted in Table 3 , living with both parents was independently associated with ECC in Model 2, thus being in accordance with previous studies that have confirmed single parent status, a marker for disadvantaged social status, to be a risk factor for developing ECC. 23 A common finding in the ECC literature is that having married or cohabiting parents is negatively associated with ECC development 23, 78 No effect of breastfeeding duration on ECC was observed in this study. By contrast, previous studies included in a literature review have shown that breastfeeding for longer than 1 year and night-time breastfeeding beyond eruption of the primary dentition are associated with some form of ECC. 9 It is important to note that prolonged breastfeeding may include other factors linked to nocturnal feeding that was not investigated in this study. Moreover, the three studies reported in the literature review were cross-sectional studies and relied on data collected retrospectively. [79] [80] [81] It is difficult to compare the findings of the present study with those previously reported in the literature review because the interpretation should be consistent with the performed analyses. Most previous studies have utilized statistical models only to identify and adjust for confounding variables. Although the associations reported in those studies are not causal, they could still be useful in identifying children with a particular risk of ECC and thus inform the inclusion of groups to be prioritized for oral health care programmes. It may be argued that the EBF intervention could have had an effect on the ECC incidence and that the RCT groups should have been included in the models of this present study. Even though the primary outcome of the intervention was to evaluate effects on EBF and diarrhoea prevalence, the confidence intervals for the effect of the intervention on ECC described in another article 0.91 (95% CI 0.65-1.2), 29 suggests that if any effect at all, it was neither of statistical or clinical significance. Moreover, the intervention study was powered to evaluate effects on EBF and diarrhoea prevalence and not ECC and this could have led to type II errors, thus the nonsignificant findings of the intervention on ECC. 29 From a public health perspective, this study highlights the importance of early oral health intervention with caregivers both before and immediately after delivery, suggesting that those interventions should be included in primary health care in Uganda. Scaling up optimal early feeding practices and strengthening the policies to support their implementation could prevent ECC in Ugandan preschool children.
| CONCLUSION
The use of DAGs seemed to facilitate the estimation of a causal effect of EBF on ECC in 5-year-old Uganda preschool children. Both plausible models applied indicated that being exclusively breastfed for 24 weeks had a protective causal effect on ECC. Further research, particularly including some of the unmeasured variables included in the DAGs, is necessary to strengthen the present finding and allow stronger causal claims.
